Prochloron spp. are obligate cyanobacterial symbionts of many didemnid family ascidians. It has been proposed that the cyclic peptides of the patellamide class found in didemnid extracts are synthesized by Prochloron spp., but studies in which host and symbiont cells are separated and chemically analyzed to identify the biosynthetic source have yielded inconclusive results. As part of the Prochloron didemni sequencing project, we identified patellamide biosynthetic genes and confirmed their function by heterologous expression of the whole pathway in Escherichia coli. The primary sequence of patellamides A and C is encoded on a single ORF that resembles a precursor peptide. We propose that this prepatellamide is heterocyclized to form thiazole and oxazoline rings, and the peptide is cleaved to yield the two cyclic patellamides, A and C. This work represents the full sequencing and functional expression of a marine natural-product pathway from an obligate symbiont. In addition, a related cluster was identified in Trichodesmium erythraeum IMS101, an important bloom-forming cyanobacterium.
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heterocycle ͉ tunicate ͉ ascidian ͉ genome sequencing ͉ lantibiotic M arine invertebrates, particularly sponges and ascidians, are well known for their production of bioactive natural products, several of which are currently undergoing clinical trials (1, 2) . A major hurdle in the development of many of these agents into drugs has been their supply, because collection or aquaculture of marine invertebrates pose many difficulties and may not be environmentally acceptable. Because marine invertebrate compounds often resemble molecules isolated from bacteria, many compounds could be synthesized by symbiotic bacteria and not by the animals themselves (3) (4) (5) (6) . These early speculations were borne out recently in the cloning and sequencing of genes from two symbiotic naturalproduct pathways (7, 8) , opening a new era in marine naturalproducts discovery and development. However, before this report, rationally discovered biosynthetic pathways from obligate symbionts had not been heterologously expressed, nor have complete pathways been reported.
Ascidians in the family Didemnidae contain numerous structural classes of cyclic peptides (5) and harbor symbiotic cyanobacteria, Prochloron spp. (Fig. 1) (9, 10) . Despite nearly 30 years of attempts, Prochloron spp. have eluded cultivation and thus are considered to be obligate symbionts. Prochloron spp., unlike the vast majority of cyanobacteria but like plants, use both chlorophylls a and b for photosynthesis, lack phycobilins, and have plant-like thylakoids (11) . The cells are relatively large for bacteria (10-20 m in diameter). Prochloron has also been implicated in the biosynthesis of cyclic peptides isolated from whole didemnid ascidians. In early cell-separation studies, it was reported that the peptides were localized in Prochloron cells (12, 13) , but a later investigation found the molecules distributed throughout the ascidian tunic as well as in the cyanobacteria (14) . Because of the unique biological and chemical features of the Prochloron-ascidian symbiosis, we initiated a project to sequence the genome of Prochloron didemni, isolated from the ascidian Lissoclinum patella.
The patellamides and trunkamide (another didemnid product) are peptides that exemplify both the unique structural features and potent bioactivities of didemnid ascidian natural products (Fig. 1) . Both groups have clinical potential, because patellamides are typically moderately cytotoxic, and patellamides B, C, and D reportedly reverse multidrug resistance (15, 16) , whereas trunkamide was initially isolated because of specific and unusual activity against the multidrug-resistant UO-31 renal cell line (17) . Patellamides are characteristically composed of pseudosymmetrical, cyclic dimers, with each substructure having the sequence thiazolenonpolar amino acid-oxazoline-nonpolar amino acid. Trunkamide and related molecules often contain proline, thiazolines, and prenylated serine and threonine derivatives. These features could easily result from either a ribosomal or nonribosomal peptide biosynthetic pathway, because precedents exist for heterocyclization and cyclization in both cases (18) (19) (20) (21) . We initially chose to investigate the nonribosomal hypothesis of patellamide biosynthesis using a homology-based approach (22) . Only a single nonribosomal peptide synthetase (NRPS) gene was identified in fosmid clones, but the gene was found in only a few strains, and its presence did not correlate with patellamide production. Analysis of a low-coverage draft sequence of the P. didemni genome confirmed the dearth of NRPS genes and led us to search the genome for alternative synthetic routes. Here we report the identification of ribosomally encoded patellamide biosynthesis genes and the confirmation of their function by heterologous expression in Escherichia coli.
Materials and Methods
Purification of Prochloron DNA. L. patella was collected in the Republic of Palau in 2002. One ascidian colony (25 cm 2 ) was washed with sterile seawater and gently pressed to release Prochloron, which were purified by centrifugation. Within 15 min of harvesting, Prochloron DNA was obtained from freshly released cells by using the Genomic-Tip kit (Qiagen, Valencia, CA), following the bacterial DNA-purification protocol. P. didemni was enriched to Ͼ95% homogeneity, as evidenced by light microscopy and denaturing gradient-gel electrophoresis of the 16S rRNA gene. The DNA obtained was Ϸ40 kbp, as indicated by gel electrophoresis. Two strains were obtained in this collection, both from single colonies of L. patella. One strain, designated ''reef,'' was collected from a fringe reef near Blue Corner, and the ''Omodes'' sample was collected in the Omodes sea-grass bed near Koror Island.
Genome Sequencing and Analysis. Two libraries were constructed from 12 g of genomic DNA (gDNA) extracted from the reef sample with insert sizes of 2-5 and 6-8 kb. A total of 31,473 sequencing reads were obtained with an average length of 857 bp, corresponding to approximately three-times coverage of the predicted genome size (5 megabases). The genome was assembled by using the CELERA ASSEMBLER (23) into 734 scaffolds ranging in size from 1 to 77 kb. The scaffolds were concatenated randomly into a pseudomolecule, which was processed with the gene finder GLIM-MER (24) . Autoannotation was performed as described (25) by using a combination of hidden Markov models [TIGRFAM (26) and PFAM (27) ] and BLAST analysis for predictive assignment of protein function.
The prepatellamide peptide was identified by using TBLASTN by querying each of the eight linear amino acid combinations of the cyclic peptide patellamide A in the genome scaffolds nucleotide sequence. Manual curation of the annotation of the cluster was performed by using the open-source MANATEE system (http:͞͞ manatee.sourceforge.net).
Fosmid Library Construction. gDNA was prepared from the Prochloron gDNA reef sample by using the Genomic-Tip kit to yield DNA fragments of Ϸ40 kbp in size. This DNA was directly ligated to the pCC1FOS vector (Epicentre Technologies, Madison, WI) following manufacturer instructions. The titer from this method was very low, and the entire packaging extract was used to generate a 600-clone library. This library was representative of the sample and did not contain colonies with identical inserts, as judged by screening for a known Prochloron gene [cao (28) ], and from fosmid end-sequencing.
Cloning of the pat Biosynthetic Cluster. The cluster was amplified from the Prochloron gDNA reef sample by PCR using primers Lanti1f (5Ј-CGTGAAAATTGCTCTTTGAATAAAGG-3Ј) and Lanti2r (5Ј-ACGGCAAAGGGAGTTTAAACGG-3Ј) with PlatinumTaq HiFi (Invitrogen) and cloned into pCR2.1-TOPO (Invitrogen). Fosmids containing pat were identified from a pCC1FOS-arrayed library by using the previously reported methods with primers Lanti1f, Lanti2r, Lantimid1r (5Ј-CGCAGCTAC-GAGCAAAACATTG-3Ј), and Lantimid1f (5Ј-CCACAGTT-GAGGCCAGCAC-3Ј). The two sets of primers were also applied to whole gDNA samples extracted from the patellamide A͞C-producing strain of Prochloron (reef) and from the nonproducing strain (Omodes).
Chemical Analysis. Patellamides A and C were isolated from whole L. patella, purified to homogeneity, and identified as reported (22) . Briefly, the compounds were extracted with methanol and purified by partitioning followed by silica-gel chromatography. Fosmid clones containing pat were grown in 1 liter of LB-chloramphenicol (12.5 mg͞liter) to an OD 600 of Ϸ0.1-0.3. Induction to a high copy number of the fosmid was performed according to manufacturer instructions and followed by an additional 24-48 h of incubation at 37°C. The pCR2.1-pat plasmid was transferred to E. coli BL21(DE3) pLys cells (Stratagene). Fresh colonies were grown in 1 liter of LB-ampicillin (50 mg͞ml) for Ϸ24 h at 37°C with 1 mM isopropyl ␤-D-thiogalactoside.
To each 1-liter culture broth, Ϸ50 g of HP20SS (Supelco) resin was added, and the mixture was incubated for 1-2 h. The resin was filtered and rinsed with deionized water (2 ϫ 100 ml) and 25% aqueous methanol (2 ϫ 100 ml). The resin then was rinsed twice with methanol (100 ml) and acetone (100 ml), and the organic fractions were combined and dried by rotary evaporation. The extract was partitioned between chloroform and 25% aqueous methanol. The chloroform layer was evaporated to dryness and extracted further with equal volumes of hexanes and methanol. The methanol fractions were dried, resuspended in methanol (250 l), and used directly for HPLC͞electrospray ionization-MS analysis. In addition, a standard was prepared in which 25 ml of culture broth containing HP20SS resin was set aside before filtration. To this broth was added a mixture of patellamides A and C (10 g each), and the resulting mixture was treated by filtration and partition as described above.
HPLC͞electrospray ionization-MS analysis was performed on a ThermoFinnigan LCQ Classic ion-trap mass spectrometer. For HPLC, an analytical C18 column (Microsorb-MV, Varian) was used with a methanol-water gradient. An initial 50:50 mixture of methanol and water (each containing 0.1% formic acid) was subjected to a gradient to 95% methanol over 15 min, followed by 10 min at 95% methanol. Electrospray ionization MS was performed in the positive mode, and selective reaction monitoring (SRM) was applied to patellamide peaks at m͞z ϭ 743 and 763.
Results and Discussion
Prochloron Preparation and Purity. Prochloron cells were prepared from whole L. patella and determined to be Ͼ95% pure as described previously (22) . This 95% purity represents a conservative estimate, because we have yet to identify DNA from any other source in the Prochloron samples.
Chemical Analysis of L. patella Reef and Omodes Samples. We previously reported that the reef sample contained patellamides A and C (29) in nearly equimolar amounts. Other patellamides were not detected as major products in the crude extract. The Omodes sample did not contain detectable patellamides, which was one of the criteria used to select reef for whole-genome sequencing.
Identification of pat Genes. Previously, an exhaustive PCR-based search for NRPS adenylation domains yielded only a single NRPS gene, prnA (GenBank accession no. AY590470). Detailed analysis of PrnA revealed that it has the wrong domain architecture for patellamide biosynthesis. Furthermore, it has been found in some patellamide-producing strains but not in others (22) . It was suggested that these results could indicate that prnA is not responsible for patellamide production; alternatively, prnA-like genes could be highly variable and thus were not detected in all peptide producers. The preliminary analysis of the draft genome sequence of P. didemni showed that prnA contained the only NRPS adenylation domain identified, bearing out the PCR data. Thus, a ribosomal synthesis of patellamides was a strong possibility. We performed a TBLASTN search of the draft genome sequence, querying for all eight possible peptides that could lead to the formation of the cyclic patellamide A. A single coding sequence (CDS) was identified, and strikingly this CDS also contained the required sequence for patellamide C. Because of the low probability that these sequences could co-occur by chance, this gene was identified as a candidate for the patellamide precursor peptide, patE (Fig. 2) . No other oligopeptide 8-mers with an identical sequence to patellamide A or C could be identified in GenBank, and the entire patE precursor peptide was not closely related to any other known or predicted CDS. The presence of two peptide products on a single CDS suggests that synergy may be important to the patellamide mechanism of action (30) .
Surrounding patE, there were several other CDSs with intriguing sequences, comprising the patA-patG genes in an Ϸ11-kbp cluster ( Fig. 3 and Table 1 ). In particular, a protease (patA), a possible adenylating enzyme-hydrolase hybrid (patD), and an oxidoreductase-protease hybrid (patG) immediately surround patE. Three other CDSs with very low or no similarity to other proteins of known function (patB, patC, and patF) are also found in this cluster. On one side, this cluster ends with a gene that can be clearly assigned to primary metabolism (a DNA photolyase homolog), and on the other side a putative structural gene was identified extending Ϸ1 kbp upstream of patA. These genes and the organization of the cluster are reminiscent of the lantibiotic and microcin biosynthetic machinery, which has been characterized in other bacteria (30) (31) (32) . In particular, the microcin B17 peptide contains heterocycles (18, 33) , whereas microcin J25 (21, 34) is cyclic. However, the combination of functionality (heterocyclization and cyclization) is thus far unique to the pat cluster.
Functional Expression of pat Genes. By using PCR, four fosmid clones containing patE were identified in a 576-clone arrayed library. From analysis of the fosmid end sequences, three of them (designated 21A, 28C, and 55F) were found to contain the complete pathway. Additionally, the region encompassing patA-patG, including putative regulatory regions, was amplified by PCR from whole reef gDNA and cloned into the pCR2.1-TOPO vector (Invitrogen). One-liter cultures from these fosmids and PCR clones were extracted and partially purified. Positive controls were established by adding patellamides A and C (0.4 mg͞liter each) directly to E. coli culture broths containing vectors and then extracting these cultures in the same way that other samples were processed. We used an HPLC͞electrospray ionization-MS approach to identify patellamides in our extracts.
Two standards were used to set up MS conditions. In the first standard, pure patellamides A and C, positively identified by NMR ( 1 H and 13 C) and mass spectrometry, were used for direct infusion and HPLC-MS experiments. In the second standard, a standard containing an initial 0.4 mg͞liter of each patellamide was used for HPLC-MS. From both standards, molecular ions for patellamides A and C could readily be recognized in the mass spectrum (Fig. 4) . Partially purified samples from fosmid and PCR clones were then injected. In all cases, blank or negative runs followed the injection of standards and did not contain the relevant ions. Ions of the appropriate mass could be identified at the correct elution time Fig. 3 . The pat gene cluster (A) and GC skew (B). Colored genes represent those that can have a function assigned. White genes are those that have no significant homolog; blue genes contains protease activity. The GϩC% skew below is altered where a coding region is present, as is common in many species and suggests that the gene predictions are correct (53) . Additionally, the increase of the GϩC% in this area suggests that this region may have been transferred into this species by means of horizontal gene transfer. from these samples, but the signal-to-noise ratio was not sufficient to conclusively prove the presence of patellamides. To confirm that these peaks resulted from patellamides, we used SRM, a commonly used technique in which sought ions are captured and fragmented by tandem MS. The mass spectrometer then scans only for a single daughter ion. This technique is extremely sensitive and less subject to error, because three pieces of data are obtained from a single experiment (elution time; presence of the parent ion; and fragmentation to a very specific daughter ion). By using this technique, patellamide A could be observed in the standard by monitoring for a major daughter ion at m͞z ϭ 725 (Fig. 4) . In addition, patellamide C was seen in the standard by monitoring for the daughter ion at m͞z ϭ 680, although with much less sensitivity than for patellamide A. The patellamide A peak at m͞z ϭ 725 was observed in PCR clones and in fosmid extracts in a peak centered at 20.7 min (Fig.  4) , indicating that patellamide A can be produced heterologously in E. coli. In particular, a 2-liter fermentation of a PCR clone led to a very clear identification of patellamide A, as shown in Fig. 4 . It is difficult to determine exactly the amount of produced compound by this method, but our estimate is that at most 20 g͞liter of patellamide A are produced under these conditions. Because of low sensitivity, we could not definitively confirm the presence of patellamide C in our extracts. These data unambiguously confirm that the patA-patG gene cluster is responsible for patellamide biosynthesis in P. didemni. Because patellamide A is produced by clones containing the Ϸ11-kbp PCR product, we also have correctly identified the limits of the biosynthetic gene cluster.
Correlation of the Presence of the pat Gene Cluster with Patellamide
Production. Although the pat pathway could be amplified by using DNA from the patellamide-producing reef strain, no products were amplified from the nonproducing Omodes strain. DNA quantity and quality from these two strains were identical, as judged by multiple PCR techniques, denaturing gradient-gel electrophoresis of 16S rDNA, UV spectroscopy, and quantitative gel electrophoresis (22) . Thus, the patellamide cluster was found in a producing strain but was not present in a nonproducer. Because these two strains seem to be very similar by sequencing of several gene classes (chlorophyll a oxidase, 16S rDNA, and the prn NRPS operon), it is possible that pat and similar clusters in Prochloron originate through horizontal gene transfer, as has been proposed for other lantibiotic pathways (35) . In fact, the cao and 16S rDNA genes are identical between Prochloron strains, whereas prn is Ͼ98% identical. Additional research is required to determine the origin and role of these pathways in Prochloron.
PatE: A Precursor Peptide Encoding Patellamides A and C. patE encodes a peptide of 71 aa, the first 37 of which are proposed to serve as a leader sequence for processing (Fig. 2) . Of the remaining 34 aa, 16 directly encode the patellamide C and A sequences, whereas 18 make up motifs that we propose direct the cyclization of patellamides. The patellamide C peptide is located 8 aa upstream of the patellamide A sequence. Before both peptides, there is a 5-aa conserved region consisting of the consensus G(L͞V)E(A͞P)S. The sequence AYDGE terminates the patellamide A sequence and directly precedes the stop codon. Between the two patellamides, the 8-aa sequence AYDGVEPS seems to encode for both a start and stop cyclization sequence, with the consensus stop sequence being AYDG(E͞V). These sequences are of biotechnological interest, because they imply that diverse sequences could be synthesized to take advantage of these consensus regions, leading to the biosynthesis of a library of patellamides. It should be emphasized that the roles of these start͞stop motifs are putative, and additional characterization is required. However, the microcin B17 prepeptide has been shown to be essential for proper posttranslational modification (36) . Conserved residues in leader sequences are known to be important in the modification of some lantibiotics (30, 37, 38) , and a consensus sequence (GAEPR) found in these prepeptides bears a striking resemblance to the PatE start consensus motif, G(L͞ V)E(A͞P)S. Class I lantibiotics usually seem to possess a proline residue at the Ϫ2 position, although in the case of nisin this proline could be substituted with glycine and valine without impacting production (30, 37) . Another general feature of class I lantibiotic leader peptides also found in PatE is a high proportion of charged residues.
Lantibiotics also contain C-terminal propeptide sequences that are cleaved by proteases, often in tandem with secretion from the cell. pat is, to the best of our knowledge, the first characterized lantibiotic-or microcin-like sequence from cyanobacteria.
The Patellamide Posttranslational Machinery. The pat cluster encompasses 7 genes, patA-patG, all of which are transcribed in the same direction and may comprise an operon. Sequence analysis of these genes allows the proposal of a biosynthetic pathway to patellamides (Fig. 5) . PatA, PatD, and PatG (Table 1) are most similar to predicted proteins found clustered in the genome of Trichodesmium erythraeum IMS101 (GenBank accession no. AABK00000000). In addition, PatB also is most related to a T. erythraeum gene, although the T. erythraeum PatB homolog is not closely clustered with the PatA, PatD, and PatG homologs. The significance of this clustering in T. erythraeum will be discussed in the next section.
The PatA N-terminal region is similar to subtilisin-like proteases, which usually are involved in the recognition of signature sequences in hormone precursor peptides and the cleavage of these peptides near a signature motif (39, 40) . The C-terminal region of the predicted protein shares no domain homology with proteins of known function, although it is related to hypothetical protein Orf4 from the cyanobacterium Fremyella diplosiphon (41) . The predicted protein has a proline-rich region (amino acids 343-401), although the significance of this motif is unknown. Over its entire length, it is 59% identical to T. erythraeum subtilisin-like serine protease ZP00326030.1. Because of the protease sequence homology, it is proposed that PatA is involved in cleavage of the PatE precursor peptide.
PatD, similar to PatA, seems to contain 2 domains. The Nterminal domain (PatD1) shares weak similarity with adenylating enzymes such as acyl-CoA ligases, and with MccB, the adenylating enzyme responsible for the biosynthesis of the microcins C51 and C7 (42) . The PatD C terminus (PatD2) is similar to YcaO-like conserved domains of unknown function but also to SagD from Streptococcus iniae, which may serve as a hydrolase (43) . PatD2 shows similarity to TtufA, a protein involved in the synthesis of the ribosomally derived trifolitoxin (44) . The entire PatD peptide sequence is similar to only a handful of proteins, including the T. erythraeum homolog, a protein annotated as AknN (a hydrolase) from Streptomyces galilaeus, and Orf12, a predicted protein of unknown function from the granaticin biosynthetic pathway (45) . Two possible roles are thus proposed for PatD. PatD2 may be involved in the cyclization of the cysteine and threonine residues of PatE, leading to thiazoline and oxazoline ring formation. PatD1 could activate cleaved patellamide precursors as adenylates, which then would cyclize to form the final patellamide structures. Alternatively, the ATP-binding region could have an as-yet-unknown function. For example, it is known that the microcin B17 heterocyclization complex includes an ATP-requiring enzyme, McbD, which is of unknown function (46) . PatD1 does not show significant sequence homology to McbD, but it is often the case in microcin machinery that distantly related peptides serve similar functions.
PatG is a large, multidomain predicted protein. An N-terminal domain has homology to NAD(P)H oxidoreductases (PatG1). It is intriguing that the N-terminal region is distantly related to McbC from microcin B17 biosynthesis (18) . McbC functions to oxidize thiazoline rings to the thiazole oxidation state, and it is likely that this is also the function of this region of PatG. This domain is also similar to an oxidase in the pathway to trifolitoxin, another thiazolecontaining microcin. The C-terminal half of PatG (PatG2) is highly similar to PatA, containing subtilisin-like protease and F. diplosiphon Orf4-like regions. From this domain architecture, it seems that PatG is involved in the oxidation and maturation of PatE.
PatB, PatC, and PatF do not have obvious roles in patellamide biosynthesis. In addition, the protein responsible for epimerization is not evident from the sequence analysis, although it seems likely that epimerization could occur in tandem with heterocycle oxidation. The stereocenters adjacent to thiazole rings are highly labile and could also be subject to nonenzymatic epimerization. In some lantibiotic pathways, D-alanine residues are derived from serine (47) , but in patellamides, they originate from L-alanine.
Related Pathways. The closest homologs of the pat cluster are CDSs of unknown function from the draft genome sequence of T. erythraeum IMS101. patA, patD, and patG are most similar to four clustered CDSs found in T. erythraeum (see Table 1 ). In fact, the patG homolog in T. erythraeum is split into two separate CDSs, comprising an oxidoreductase and a protease. In addition, a short peptide is present in this cluster that shares some structural features with patE. Furthermore, a transposase is found within the T. erythraeum gene cluster, possibly indicating that this cluster may move between strains by horizontal transfer. Several other CDSs of unknown function and not homologous to pat genes lie within the identified cluster. At the time of this writing, no other homologs to the pat pathway were found in GenBank.
In addition, streptolysin S has been known as an important mediator of pathogenesis in the ''flesh-eating'' Streptococcus spp. since its discovery 50 years ago (48), yet its structure has not been elucidated. The presence of a McbC-like oxidase and a PatD2-like hydrolase (SagD) in the streptolysin S biosynthetic gene cluster (43) indicate that streptolysin S likely contains thiazole rings. Indeed, the predicted streptolysin S prepropeptide contains numerous cysteine residues that could be cyclized.
Symbiosis and Secondary Metabolism. In the course of our studies, we found that some didemnid ascidians (including L. patella) contained bioactive secondary metabolites, whereas others did not contain these compounds. All the ascidians contained Prochloron, but not all of the Prochloron contain pat-like pathways. Patellamides are often produced in large amounts (up to several percent of animal dry weight), and presumably some selection pressure must be necessary to maintain such a large-scale synthesis. It is interesting that, because many Prochloron strains lack these pathways, other unknown selection mechanisms must be important to maintain symbiosis, and there are no obvious visible morphological differences between peptide-producer and nonproducer ascidians.
Nutrient exchange has been demonstrated to be important for some didemnid-Prochloron associations. Photosynthesis by Prochloron has been shown to provide 60-100% of the organic carbon theoretically needed by the host (49), and there is evidence for nitrogen cycling between host and symbiont in addition to nitrogen fixation (50) . L. patella actively optimizes growth conditions for its symbiont by moving to regions with proper illumination and by modifying the structure of the tunic covering the upper surface of the colony (51) .
Although these adaptations clearly show the importance of Prochloron for its didemnid host, the ecological function of the patellamides remains unclear. Because the patellamides are cytotoxic, they may serve as feeding deterrents. Patellamides are also known to chelate metals such as copper and zinc (52) , and thus they may have a role in detoxification. These and other possibilities can be tested rigorously by using genetic, chemical, and ecological techniques.
The complete genome sequence of P. didemni will offer clues to the mechanisms responsible for maintaining symbiosis and will direct additional ecological studies. Comparative genomics, in tandem with field research, will help to determine the ecological importance of the secondary metabolites. Because of the visibility, ease of collection, and ubiquity of didemnid ascidians harboring Prochloron, these organisms may serve as ideal models for studying the ecological function (selection pressure) and evolution of natural products in marine symbioses. These studies will be important, because they will improve our understanding of reef ecology and help direct the search for new drugs derived from marine invertebrates.
Conclusions. This work is the first example of genetics-based identification, transfer, and expression of a whole biosynthetic pathway from marine microbial symbionts. Because many, if not most, of the highly potent and bioactive marine natural products isolated from invertebrates have a symbiotic origin, this study shows that marine natural products may be accessed and supplied through genetic manipulation. Although they are potent and have great pharmaceutical potential, marine natural products generally suffer from a problem of supply, and this study indicates the promise of genetic techniques in the alleviation of this problem.
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